In this study we employed a 'memory masking' paradigm to determine which stimulus attributes are important in the storage of information about the speed of moving grating stimuli in visual short term memory (VSTM). Delayed speed discrimination thresholds were measured in the presence of masking stimuli which varied in terms of their spatial and temporal frequency content. Memory masking results demonstrate that it is genuinely the speed of the stimulus, as opposed to temporal or spatial frequency content, that is crucial in the retention of information about motion in visual short term memory. The property of speed selectivity exhibited by VSTM mirrors that reported for neurons in area V5/MT, a brain area crucial for the processing of visual motion in primate brain. This link between area V5/MT and VSTM for motion is consistent with current views which suggest that there is a close association between the neural mechanisms involved in the analysis of sensory information and those involved in its retention in short term memory.
Introduction
The ability of the brain to store sensory information in short term memory 1 provides an important means by which detail about the surrounding environment can be retained and subsequently used to mediate or direct behaviour (Baddeley, 1986) . The short term storage of visual information, in particular, has been studied in detail at both behavioural and single neuronal levels (Bisley & Pasternak, 2000; Bisley, Zaksas, Droll, & Pasternak, 2004; Magnussen & Greenlee, 1992 Magnussen, Greenlee, Asplund, & Dyrnes, 1990 , 1991 Miyashita & Chang, 1988; Pasternak & Zaksas, 2003; Regan, 1985; . What is apparent from these studies is that visual short term memory (VSTM) is dimension specific, i.e. there appears to be a series of memory stores that are devoted to particular visual attributes such as contrast, spatial frequency, speed and so on (Magnussen & Greenlee, 1999; Magnussen, 2000; Pasternak and Greenlee, 2005) . What has also become clear is that whilst short term memory systems may consist of a network of cortical areas distributed across the cerebral cortex, including prominent contributions from regions such as the pre-frontal cortex (Fuster, 1989; Miller, Erickson, & Desimone, 1996) , the neural mechanisms that are involved in the short term storage of visual information are also closely associated with those areas that are involved in its sensory analysis (Bisley & Pasternak, 2000; Fuster, 1997; Gibson & Maunsell, 1997; Pasternak & Greenlee, 2005) .
In this study we focus on VSTM for motion and specifically on which features of a moving stimulus are important for retention in memory. A fundamental attribute of a moving stimulus is its speed, the analysis and storage of which provides an essential cue for behavioural tasks such as object tracking, capture or avoidance strategies. The speed of a stimulus is dependent upon both its temporal and spatial frequency and is derived by dividing the former by the latter. But what is not clear is whether the storage of information about a moving stimulus is done so in terms of its speed or its temporal frequency. neurons that are found in the primary visual cortex (V1) are tuned for temporal frequency and their responses are also dependent upon the spatial structure of the stimulus. As such they tend to confound changes in spatial frequency with changes in velocity (Adelson & Movshon, 1982) . A mechanism that is truly selective for speed will be unaffected by changes in temporal and spatial frequency, as long as their ratio remains constant. This kind of speed selectivity has been shown to be a property of neurons in area V5/MT (Perrone & Thiele, 2001) . However, other studies have questioned the importance of these speed selective neurons, claiming that they represent only a minority of those responsive to speed in this region, and as such can only have a limited role in the neural mechanisms that underpin speed perception (Priebe, Casanello, & Lisberger, 2003) . Magnussen and Greenlee (1992) have shown that VSTM for stimulus speed is highly accurate over extended periods of time, with delayed speed discrimination thresholds remaining constant (Dv/v % 0.05) for stimulus separations of up to 30 s. They also demonstrated that the retention of this information can be disrupted by the presentation of masking stimuli during the inter stimulus interval (ISI). An interesting observation about this socalled 'memory masking', very different to that seen in more traditional masking experiments (e.g. Breitmeyer, 1984) , is that masking only occurs when the mask and reference stimuli differ in some key parameter. In the case of speed, Magnussen and Greenlee (1992) demonstrated that when a masking stimulus moves at the same speed as the test stimulus, interference with the stored memory is minimal and the speed discrimination remains unaffected, similar to performance without masking. However, when the mask moves either faster or slower than the test stimulus, retention of the speed characteristics is affected and this is reflected by an increase in discrimination thresholds. These selective masking effects have been interpreted as revealing a modular organisation of visual short term memory which contains parallel stores each tuned to a relatively narrow range of stimulus parameters which are linked in a lateral inhibitory network (Magnussen, 2000) .
In this study we make use of these characteristics of memory masking in order to gauge to what extent short term memory for stimulus motion is genuinely selective for speed and not the spatio-temporal composition of the stimulus. In the case of true speed selectivity the relationship between spatial and temporal frequency in the computation of speed allows certain predictions to be made. If VSTM for motion is indeed selective for speed, as opposed to spatial or temporal frequency, then memory masking should always be minimal for spatial and temporal frequency combinations that produce the same velocity as the test and reference, regardless of the actual spatial and temporal frequency composition. On the other hand, if VSTM for motion is based upon the retention of the spatial or temporal frequency content of the stimulus, then speed discrimination will be unaffected when mask and test are similar in terms of either of these parameters.
Methods

Apparatus and stimuli
Moving luminance grating stimuli were presented on a colour graphics monitor (GDM500; Sony, Tokyo, Japan; frame rate 120 Hz) controlled via a video graphics card (VSG 2/5; Cambridge Research Systems, Rochester, UK). The reference, mask and test stimuli all consisted of vertically oriented sinusoidal gratings the spatial and temporal frequencies of which could be independently adjusted, the speed of each stimulus being given as temporal frequency divided by its spatial frequency (speed = ft/fx). The stimuli were presented in square windows of size 2.5°with a central fixation point and appeared on a grey (illuminant C) background of mean luminance equal to 12.5 cd/m 2 with a contrast equal to 10· motion detection threshold (Fig. 1) . All stimuli were equated with reference to their respective motion detection thresholds, which were measured in preliminary experiments using a temporal 2AFC procedure for all stimuli at the specific velocities used. For the standard reference 3 deg/s stimulus (fx = 1 cycle/deg, ft = 3 Hz) 10· motion detection thresholds corresponded to stimulus contrasts of 7%, 10%, 12% and 9% for observers M.P.B., D.M., E.L. and C.V., respectively.
Procedure
Speed discrimination thresholds were measured for the reference and test using a two-alternative forced choice procedure in conjunction with a method of constant stimuli. The reference moved at a constant speed (constant spatial and temporal frequency) and a test stimulus of the same spatial frequency was presented randomly at one of seven different speed levels (i.e. varying temporal frequency) which spanned a range (±36%) above and below the reference speed. The test and reference were presented for 1.25 s with an ISI of 10 s (see Fig. 1 ). Observers were required to indicate, via a response box (model CB3; Cambridge Research Systems) which grating moved faster. Speed discrimination thresholds were measured in the presence of mask stimuli which were presented for 5 s during the ISIs and comprised different spatial frequency, temporal frequency and chromatic combinations, depending upon the experiment. The psychometric data were fitted by a logistic function of the form:
where y is the percentage of times the test was judged as moving faster than the reference, x is the speed of the test stimulus, l is the speed corresponding to the 50% level on the psychometric function and h is an estimate of the speed matching threshold. This final value (h) was divided by the reference speed to give a Weber fraction for speed discrimination (Dv/v). The introduction of small random perturbations in stimulus characteristics has been used as a means of preventing the representation of stimulus features being built up in long term memory over consecutive trials. This technique has been used in previous studies of visual short term memory to successful effect (Magnussen & Greenlee, 1992; Magnussen, Idas, & Holst-Myhre, 1998; Magnussen et al., 1990) . Following the same rationale in our speed discrimination experiments, the direction of movement of the test and reference was varied randomly from trial to trial; we also introduced small random increases and decreases (between ±5%) in the contrast of the test and reference and random fluctuations in the spatial phase of the stimuli. These variations were balanced over the trials in order to minimise any bias (Magnussen & Greenlee, 1992) . In preliminary speed matching experiments we found that for the 3 deg/s reference stimuli that this contrast fluctuation generated maximum change of between 15% and 18% in perceived speed across all four observers. This can be compared with speed discrimination performance for these stimuli which lies between 5% and 7%. Thus the full extent of the fluctuations in contrast is sufficient to generate small variations in perceived speed across trials. Upon some occasions, however, the difference between sequentially presented stimuli may be below the level of speed discrimination thresholds. But it is important to note that when coupled with the random variations in direction and starting spatial phase, each presented reference/test stimulus pairing represents a unique combination of parameters, this minimises the likelihood of more long term representation of the reference being used to perform the task.
Observers
Four experienced psychophysical observers took part in the experiments; the three authors (D.M., M.P.B. and C.V.) and one subject E.L., who was naïve to the aims of the study (mean age 29.25 years). The experiments were performed binocularly with mild head restraint at a viewing distance of 114 cm.
Results
Fig. 2 shows how speed discrimination threshold varies as a function of mask speed. In this experiment the spatial frequencies of the mask stimuli match those of the reference and test and the resultant memory masking functions are of a similar form to those that have been described previously (Magnussen & Greenlee, 1992; Pasternak & Greenlee, 2005) . These functions indicate how speed discrimination thresholds fall (i.e. performance improves) to levels similar to those obtained without a mask as the speed of the mask stimulus approaches that of the reference (3 deg/s). As mask speed either decreases or increases from this optimum level, thresholds rise indicating a reduction in performance. This 'tuning' highlights the selectivity of memory masking and has been described for other stimulus dimensions, most notably spatial frequency (Bennett & Cortese, 1996) .
In order to examine the selectivity of VSTM for stimulus speed we subsequently used masking stimuli that had different spatial and temporal frequency combinations. Some of these combinations exactly matched with the reference, some matched the velocity of the reference but contained different spatial and temporal frequency combinations, whilst others differed in terms of their speed but matched either the temporal or spatial frequencies of the reference stimulus. Results from these experiments are shown in Fig. 3 where speed discrimination thresholds have been plotted as a function of mask speed as well as mask temporal frequency. Data are shown for three different mask spatial frequencies (1, 2 and 3 cycles/deg), whilst the reference remained constant at a spatial frequency of 1 cycle/deg and temporal frequency of 3 cycles/s (speed = 3 deg/s). What is evident from the data is that it is only when the mask stimulus is similar to the reference and test in terms of its speed, rather than its spatial or temporal frequency composition, that memory masking is minimised (i.e. performance reaches levels obtained without the mask).
The data in Fig. 4 further emphasise the selectivity for speed exhibited by memory masking. They show results from an experiment where the same mask stimulus was used in conjunction with different reference and test stimuli. What the data demonstrate is that the same mask stimulus (either 3 or 1 cycle/deg) can generate a different profile of masking that is dependent upon the nature of the reference and test used. In each case masking effects are minimal when the mask and reference stimuli are matched in terms of their speed as opposed to either spatial or temporal frequencies.
Discussion
In this study we have demonstrated an absence of memory masking for moving gratings when reference and mask ig. 1. Memory masking paradigm. A forced choice procedure was used to measure speed discrimination thresholds in which a reference stimulus of fixed spatial (fx) and temporal (ft) frequency was presented for 1.25 s (stimulus speed (v) = ft/fx). Following an inter stimulus interval (ISI) of 10 s a test stimulus of the same spatial frequency, moving either faster or slower than the reference, was presented and the observer had to indicate which of the two stimuli moved the faster (see text for details). During the ISI a mask stimulus was presented for 5 s. This stimulus could be of a spatial frequency that was higher, lower or the same as that of the reference and test. Speed discrimination thresholds were measured as a function of temporal frequency of the particular mask stimulus used.
stimuli are matched in terms of their speed, despite the fact that their spatial and temporal frequency composition differ. This selective masking effect for stimulus speed is consistent with a number of other studies that have demonstrated that certain mask stimulus parameters can degrade performance in delayed discrimination tasks, whilst others have no effect on discrimination (Bennett and Cortese, 1996; Lalonde & Chaudhuri, 2002) . Memory masking effects like these have been used to highlight the modularity of VSTM and have demonstrated the existence of different memory stores that are selective for particular stimulus parameters (DeValois, 1991; Magnussen et al., 1991; Olzak & Thomas, 1986) . This selectivity has been taken as evidence to support the idea that those stimulus attributes that produce no interference are combined in common storage mechanisms, whilst those that do interfere have different storage mechanisms which interact in an inhibitory manner. Furthermore, the existence of task-specific memory masking effects is consistent with models which propose that stimuli are represented in memory systems as noisy exemplars, as opposed to prototypical representations of the reference stimuli (Kahana & Sekuler, 2002; Zhou, Kahana, & Sekuler, 2004) . A number of psychophysical studies that have employed delayed discrimination paradigms have shown that different attributes of visual stimuli, such as spatial frequency, orientation and motion, for example, can be stored with a high degree of accuracy over long periods of time (Bennett & Cortese, 1996; Magnussen & Greenlee, 1999; Magnussen et al., 1991; Regan, 1985) . Performance on such tasks (as indexed by discrimination thresholds) can remain virtually constant for ISIs of up to 50 h (Magnussen & Dyrnes, 1994) . However, whilst performance may remain stable, choice reaction time (RT) studies indicate that there may be discontinuities in the time taken to actually make the discrimination with increasing ISIs. Magnussen et al. (1998) have shown that for ISIs less than 4 s choice RTs are identical for delayed and simultaneous discrimination tasks, but for ISIs greater than 4 s, the time taken for discrimination judgements becomes increasingly longer. The significance of this lies in the fact that some form of sensory memory is believed to underpin performance in delayed discrimination tasks and the discontinuity in the choice RT, despite constant thresholds, represents a shift in the nature of the memory system used. Information over short ISIs (<4 s) appears to be stored by memory mechanisms that allow direct and immediate access to perceptual information, hence similar choice RTs for simultaneous and delayed discrimination tasks. For longer ISIs information has to be retrieved from a more long term storage mechanism and it is this process of retrieval that leads to an increase in RT. It is not entirely clear whether this transition from 'perceptually-based' to more 'memory-based' representations can be mapped, respectively, on to the more commonly referenced components of visual memory, namely, short term and long term memory. For example, it is possible that perceptually based mechanisms can be further sub-divided to include iconic visual memory which is thought to operational over the 300-500 ms following reference stimulus offset (Bennett & Cortese, 1996; Loftus, Duncan, & Gehrig, 1992) . VSTM has been characterised as a limited capacity system that maintains a record of more recently presented stimuli. Visual long term memory (VLTM), on the other hand, is seen as a more durable store for well learned information (Hitch, Brandimonte, & Walker, 1995) . But other differences between VSTM and VLTM have also been ventured. For example, some suggest that VSTM is concerned with the surface appearance of objects, whereas VLTM is necessary for the abstract, structural representation of visual objects (e.g. Kosslyn, 1980) . Others have actually questioned the existence of VLTM, proposing that the maintained high levels of performance on spatial frequency delayed discrimination tasks do not require long term sensory representation at all, but instead rely upon the operation of criterion setting processes (Lages & Treisman, 1998) . In our experiments the emphasis has been on targeting the more short term as opposed to long term mechanisms in visual memory. By virtue of the random variations in the reference stimulus we have tried to prevent the build up and use of a long term representation stimulus in order to perform the delayed speed discrimination tasks. Whilst we cannot be absolutely certain that we have circumvented the use of more long term representations, the vulnerability exhibited by the observers to memory masking suggests that we are accessing the more malleable VSTM store, rather than the VLTM mechanism that is frequently characterised as being more durable, stable and less prone to interference (Hitch et al., 1995) .
The emergence of speed selectivity in VSTM mirrors that which is found in sensory analysis where various psychophysical experiments have identified a number of velocity tuned mechanisms in motion perception (McKee, Silverman, & Nakayama, 1986; Reisbeck & Gegenfurtner, 1999) . The existence of speed selectivity in VSTM suggests that the neural mechanisms that underpin VSTM have a cortical locus that lies beyond the primary visual cortex (V1), where neurons are more likely to be selective for the spatial and temporal frequency content of a stimulus (Foster, Gaska, Nagler, & Pollen, 1985; Tolhurst & Movshon, 1975) . Speed tuning first emerges as a response property of neurons in area V5/MT where neurons can signal the speed of a stimulus veridically, irrespective of the temporal or spatial frequency of the stimulus (Perrone & Thiele, 2001) . Furthermore, speed tuning in V5/MT neurons can be modelled using the input properties of V1 neurons from which they receive direct input (Perrone & Thiele, 2002; Shipp & Zeki, 1989) . This ability to combine information that may be segregated at an antecedent processing level in the visual pathway is consistent with the view that VSTM is dependent upon higher order neural representations (Magnussen & Greenlee, 1992) . However, not all studies have been consistent in their demonstration of genuine selectivity for stimulus speed in VSTM, Thompson, Stone, and Walton (1996) , for example, failed to find any masking effects of this nature. One possible reason for this discrepancy might lie in the fact that in the earlier study there was no random fluctuation of the test and reference stimuli over the speed trials. This conceivably might have allowed the subjects to make perceptual judgements based upon higher level semantic information, i.e. for each presentation of the test stimulus all they would have to remember was whether the presented stimulus was higher or lower than the remembered reference. This more long term form of retention is not affected by low-level memory masking (Magnussen & Greenlee, 1992) . The close association between VSTM and the sensory processing of motion is very much in keeping with current views on perceptual working memory systems. These views promote the idea that the neural processes that underpin VSTM operate within cortical networks that are intimately involved in the sensory processing of information (Bisley & Pasternak, 2000; Blake, Cepeda, & Hiris, 1997; Fuster, 1997; Magnussen & Greenlee, 1999; Pasternak & Greenlee, 2005) . The response properties of V5/MT appear to suggest that it plays a pivotal role in linking the sensory processing of information about motion with its retention in short term memory. Neurons in this region possess the ability to signal stimulus speed (Liu & Newsome, 2005; Perrone & Thiele, 2001; Priebe & Lisberger, 2004) , i.e. are able to combine spatial and temporal frequency information in manner consistent with the Olzak and Thomas (1999) model. V5/MT has also been shown to play an important role in the retention of information about object motion. For example, in non-human primates lesions of MT/ MST can disrupt the storage of directional information from moving stimuli (Bisley & Pasternak, 2000) . Neurons in V5/MT have also been shown to exhibit patterns of activity during delayed match to sample tasks that are consistent with the involvement in both the sensory encoding and remembering of visual motion (Bisley et al., 2004) . Human studies also demonstrate the possibility of a link between V5/MT function and motion memory. For example, brain damage in the vicinity of V5/MT in humans leads to increased thresholds in delayed discrimination experiments (Greenlee, Lang, Mergner, & Seeger, 1995) . In addition, perceptual priming in motion direction discrimination tasks can also be abolished in human observers by the application of trans-cranial magnetic stimulation to area V5/MT (Campana, Cowey, & Walsh, 2002 , 2006 . Whilst V5/MT is likely to have an important role in the short term storage of information concerning moving stimuli, it is likely to form only one element of a more broadly distributed short term memory network. Another region of the brain that has been closely linked with short term or working memory is the pre-frontal cortex (Fuster, 1989; Goldman-Rakic, 1987 , 1995 where neurons have been shown to show stimulus specific activity in delayed match to sample tasks (e.g. Rainer, Asaad, & Miller, 1998) . Certainly, V5/MT and the prefrontal cortex have the necessary anatomical connectivity to form such a network (Barbas & Pandya, 1989) . Current views suggest that the prefrontal cortex exerts 'executive control' (i.e. can manipulate and govern the usage) of information retained by sensory mechanisms in areas such as V5/ MT (Miller & Cohen, 2001; Tomita, Ohbayashi, Nakahara, Hasegawa, & Miyashita, 1999) .
In summary, we have demonstrated that VSTM for motion stimuli is selective for the speed of a moving stimulus but not its temporal or spatial frequency composition. This selectivity for speed exhibited by short term memory mechanisms echoes that displayed by the neurons in area V5/MT that are involved in the sensory processing of motion. As such it further emphasises the close association, highlighted by previous studies, between the systems that are involved in the analysis of sensory information and those involved in its short term storage.
